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Loss of sodium oxide into a gas phase comprised of low to
high pressure sodium at typical AM[”llC opcra[ing coll(!itions
does notseemi ndicatedasa lifclil])itil]g  s(ci)tlll(lcr  ~)rojccted
conditions. Sodium oxide loss is st!ongly thermally xtivated
and strongly suppressed by external sodium gas pressore.
However, loss ofsodiumosiJe into liquid sodium may bc, but
is not clearly  knowmto be, much more ra])id than loss into the
gas phase and could rcslllt both BAS};  dcgrad:ltion and
enharrced corrosion ofothcr Ah4_I”EC conlponcnts.  ‘1’his favors
conservative selection of vaimr-fed cell clcsigns and may
significantly influence materials selcc(ir-m and uscofgc[(crs.

INTRODUCTION

AMTEC cells  have been consickmd an [ittractivc p o w e r
source for a variety of Ion:  tcmn robotic NA S A  IIl}ssimls.
Several Ah4TEC cells have ll(~tv twcll OpClatLsJ  ti~r p(lioJ over
one year. A large number of CCIIS  Imw bectl op(l,itcd  for
shorter but still suhstan[ial pcri(rds of (lint > I(NH1  hours,
Substantial development of vaiml-ft’d C,*IIS his oc~lrrd.
S e r i e s  eormecld AMI’I:C Ill\llli-rclls  I),lvc hC.>ll  IM!II(  a n d
o p e r a t e d  a t  Frml, AMI’S,  J1’[., a n d  [hc l:lcc[r[,[~’clll]ical
L.zrboratory.  Work at J] ’[, 11:,s rr(l,lrcw~( 1 Ilfc(imc testi[]:  rrnd
m o d e l i n g  f o r  the extmn:ll  clcctrmlc, uhiuh is a clilical
component which must fullclim)  will) nlillirlllll  l(lssc~ for :nod
AMTEC performance.  Tcsl~ ot’ s(xltltln iIId pol:ls~illln  hcla”
dtiamnd(ictivity  onexll(~stlrc [():llL:ll itllct;ll\:l[),rat 1125
- 1 2 0 0 K  f o r  1500 and  500” hollrs rL’Sl)CX’ti~L.!\’  h:tw b e e n
reported, with noohservatioll  ot’s(lstainccl ~l~yra(l:t[i(ul

particular ~wlatilintion  and associated corrosion problem can
be idcnt i licJ,  since background information is available. Alkali
oxide loss from bcta’’alurninaat  temperaturesfi  omab out 1500
to 2000K has been reported and slow loss at AMTEC  operating
conditio]ls is a concern, which is closely related to concerns
about aggravated high temperature corrosion of metallic
components of AM1’ECS by alkali oxide in liquid alkali metal
at operating tcmiwrat urcs from 900-1300K. If alkali oxi&  loss
continues indefinitely, the beta” alumina solid electrolyte
(lIASI:)  ccrwnic uwuld eventually be destroyed. If alkali oxide
equilitwa(es with a small concentration dissolved in liquid
alkali metal, then metallic  components which can tolerate
alkali oxide in liquid alkali metal must be used. If alkali oxide
loss dots m)t occur or is extremely slow, or occurs only
transicn[!y wi[hrmt IIASE degradat ion , getters may be
enll~ln)c’J to rcmow  oxide from the liquid metal and the
cor[osioll iww u II I bc less severe and allow more flexible
.wlcc(ioll of conlp(mcnt n)iitcrials.  Alkali oxide 10 S S  may be
expcctcd (() bc [wtcs! to oxiJc-free liquid alkali metal, slower
to vacuum or lmv pressure alkali metal vapor, and very
inhit~i[c(l to hi:h  ll[cssltre alk:lli rnctal vapor. If loss to liquid
nwtal is t}lst, v:lp~r [cd ccl Is hxome much more favorable
candid:ll~’s Iiw lINI: ICI III appllcu[ions.  At presen~ calculations
of alk:lli mxidc 10ss c;l[t be l~cv forrncd assuming a rate limited
only by fhc tl]crtll[~(l)ll:l[]lics of the chemical transformations
invol VCJ, IIWSC  rcs(ilts arc tmscd on thmrnodynamic  data which
i s  not lvL’cisc, aId this approach does not consider rate
limit:ltio[ls inlp)sd by chemical kinetics,

l“N() of tlw II}(x+I inlporl:tl]t nwchanisms of interest in the
prcJ[cfi,u~ ot’ 10II: tcrrn performance of mc  cells are
CIOSL1> [cI;!IcJ “1 Ilcsc nk’cll:tlli.lns are 1) the loss of atkali
oxide flvn  tllc bc(.  i” alunli!l~! solid electrolyte (BASE) and 2 )
t h e  ilcc~lcr;lli(~ll  (~t’ cmrmirc attack on m e t a l  and ceramic
collll~,ul,oli  Iy :Ilk:lli o\i[lc  (11-w~lvcd in alkali metal, If loss of
OX>:LII I“I(MII (IIC s~~li(l  clcclrol\  Ic is sullicicrrtly slow, getters



such as u and I If may bc employ! to sca}ulgc  trtlc.c nxygcn
~d a l l o w  much g,rcatcr tleill~i]it} in !;lb[ic.itli(ll] ll~:!tcl i[lls,
s ince  most  nwtols me sigllilic:inll!  lnt~rc r:i[~i{lly att4cLul in
liquid sodium colltainin:  si~niticill]( sotlIuIn  oxide, compared
with wry pure Ii(luid sodilltn. (Fflll\t, 1972; DiSt~fi\tt(},  1989)
This paper will present a calcul:i[i[ul 01’ Ihc cxlwtcd r[!tc of
oxygen 10Ss fro]n sodiul]l twtahct:i” srlulll ina sollcl clcctrol}te,
Na-BASE, and hrictly discuss review the msociatccl chemistry,
the role of Na20 on corrosion of metallic tmd ceralnic IIlatcrials
which  might  be  used  in  AMI’lC  cell fahricatirm, a n d
approaches to accelerated testing.

CALCULATIONS AND DISCUSSION

Volatization  of Na20-—

Studies of the activily of Na :O in lK.(a allln]inzl or hcta”
alumina mixtures !vith nlp!l:i alllillioa have hccn the primipal
means  to derive the free cnewy of frmlmtion of the beta or
beta” alumina phases. (Niifc, 1996; Rog ct al 1992) “lhcw
studies assumed that the systmm were bawd oil [hc two
c o m p o n e n t s :  Na20 and A1203; furthmmm, the  s tudies
generally ignored the prcseuce  of spilwl block stabilizing
oxides and variations in tw[a and hda”  composition \Vhilc the
fmt assumption is valid v ith respect t{) the solid plaiscs in
which the oxido(ion states  of Al ald Na arc constant, the low
pressure vapor phase is a disl~rol~(~rtioil!ted mixtwe  of Na@
and Q@. The intluencc  of stohilizing imls and conllmsition  is
important but requires much more dctil i Id invcstigo[ions  for
complete evaluation We usc tlw bcs! avai Irrhlc thermochemical
information for the stabilit!  of the hcta ond kta’’-alllminas  to
determine the r~ttc of 02  low, aIKl compore the loss of 0~ and
Na from solid h’:\Kl@4’etmr, 1997)  Na20  is not stahlc as a gas
at higher tenlpcmturcs;  its cnthalpy of Iiwmation is (MIly -35.6
kJ/mole  at 298K, and the entropic contI ibulion to free energy
great ly  favors  Na(g, and 02(R) at l}~~ical ALI”[I:C  opcraling
temperatures. (Wi+gman et ril, 1982)

Na@(c)  ---> 2 hT:i(g) +  1/2 (l,fu)

The free energv of the dis<fwi:,l]on  is A( L?(’1’l  = (6.1~.?(X) - T*
336.9856) J/(nl,,lc-K)  [rot]) (ht.: [Tltxl\ IIaltlic [iil~l~S.(\V;lgl)litn ct
al, 1982)

The  sodium prcswlre at Illc solid clc.,trol}tc s[[rf;l(w can be
related to the curlcwt dcn<ily ol’ tlw Akl”l”l;[’  rcll (Kc, nnard,
1938)

P~,)  = (2pM.j ,R”[’)t’~ jll:

rcl:ltcd to tlw cqu il ihrium vapor pressure of oxygen owx tie

solid SUI I} ICC (Kennilrd,  1938)

Ilw activity of No(:)  and 02(g)  over Na20 at 1298K can be
Calculalccl

AG,0(129XK)  = 389.253 Kj

At 129S K, in the ahwnce of an external source of 02 or NL
- I 0. Standard pressure is 105 Pa at unita~,)= ?a(fj:~,  a, Rh2C1)-

activity, so 1’,[~1)  = I (1’w02) aml the pressure of Q over Na@  is
9 9  l’iI at 129sK, aIId the {)2 tlux is J(m ) < 1 . 3 4 7  X 1 01 9

nlolcctllcs/(t112  -s). “Ihc pressure of Oz over a phase such as beta
alulnina in cquil ihrium Ivith NaK) can be expressed similarly,
using the relationship betwwn  activitim  given akwe,  and the
dependence  of sodium activity on AMTEC &vice  cument
density;

J(o?) < 102~ 1“ a ,m.m)z exp[-2 IACI~0RT]l((2pRT)2’  MOZo’3 Mhz
j’)

From 11. Nafe, aN,:oJ=exp[lX;tJRT]  =exp[(-149740J/mole +
39.4[J98J/(tl~(~  l~-K)*”l’)fl<l’]  .( Niif~, 1996) At 1298K tmd at only
10 A/n12, a col](li[ion  u here ]nm!crately fast beta decomposition
occurs:

J(OZJ  < 3.857s 10“7 n~olcs/(m2-s)  0112.2 nmles/(m2-yr)

Ilc loss of 0, is very stror)~ly  activated and also strongly
dqwmlcl]t  011 IIIC Ah.4”l”lX  ccl l’s discharge current. However in
the ]iniit of sInall cell dischdrye currents, sodium pressure due
to shunt cune[lls  and lhc sodiu[n wiper  pressure  a t  the
condcnscr u ill dominate, so tliat eliminating the discharge
curr~vlt \\’ill lm[ IC<KI  to ilnll]cdiate rapid  Q loss horn t h e
cond~wsc’r. ‘f[lis is in part Ilw r.’ilson fOr the in~utdity  in the
explcssi[~rl  ol~ovc,  ‘I”lIc  Naz{~ tlclivity is determined by the fies
enc[uy of tt~llna!itvl of tllc IIL’I;I ]JllilSC f r o m  i t s  cxmstituent
Oxi(lcs, ii,., ,:,~,~ = CXp-.  \(;IJl[ I 1, w

J(02, < 10%  ‘cy)l(.,\(;I,.~  \(;,,”)’[{ f]/(2pR”r)2  ?ViOO+VfN.~4

AGI(’ I’) = .\(~I,+2  ‘,(;,’] = (1-!16 ~?l -.7133 Sl*T)kJ/mole



activation energy. lrltcrc{~llv~:rsi{~ll of the hcta rmd twta” alwnina
phases has twci] studied at lcn)pclat~lrcs as low n~hl(lld  (’t al,
1977) In related Npcrinhmts, \W lhund (he alnollllt 01’ K-tXta-
ahunirra, initially at ribrml 1 -?%, ~o itlcrcaw  to tihtwt  3-J’%, allcf
500 hours at 12(KJK in al){w[ 2-7 I’:1 potas~iunl vtll)f~r.(l~’illiitnls
et al, 1995) I lmvcvcr, it c(IIIIII nol he (lclcrltlin~d  if this was
due to conversion of the l~ct:i’’-zll{llllilla  phase or of ai!]or~hus
material, and the convmion  apl~c’arcd to cmnplctc ill the !Irst
100 hours of the experiment, IXIWCI  on the cmductivi[y  change.
Recent experimental data ml the chcmis~l  y and thcrmodymrmic
properties of beta and hta” alumina deal with ctkct of
conductivity, high sodiuln activitv, and discriminate between
the beta and twta” phases.(Nnfe, 1996; Rog et al 1992;  Fritz
et al, 1993) Kinetics ofchanyc  in condoctivi(y  of Na-IIASE and
K-BASE in high tcmpmoturc l{)iv prcss[ll c sodium valwr show
a brief decrmw  in COllL!Udi~ity,  fi~llwed @ a hmfcr  period in
w h i c h  conductivity doc.s n,~t cll:lll:c.(~illi:inls ct ill, 199S)
There is no dct~’ctoble mlnposili(m clmn:c  in IIW Na-l~ASl~,  hut
the amount of Ihe beta phnw inLrcascs \L’ry slightly in the K-
BASE, although the m:~j(~rit y PIUIW rem:] ins K bet:]’’-:ll[!l]lilla.
The reverse rctiction, by w!lich alpha al~unina  is at(ackwl by
sodium or potassium to thnn bcto (aIId bct~t”) alumina has twcn
c h a r a c t e r i z e d  a t  lrxvcr  Iclnpcr;ttmv+  (“1’<70(K) much lnore
thoroughly than the dispr(~p(v tiw}at ion rc:dion of hcta aluminrr,
wlich is dcrivut  from thcnnoche]nical  n~easurcmctlts. “ l ’he
ahunirdalkali metal reacliol~ has twcn ri[l,lreswd to the point of
a general consensus  atnoug rcxearchcrs i n  the ticl&(Fin~
1 9 7 8 ;  J u n g  et HI, 1983; \an Rrinc,  1!)84;  dc With,  198S;
Anderson ,  197!); SusnitAy  and Carter, 1985; Crintl(l, 1981;
van Hoelq  1992) \Vhilc the [lls}lrf,l~l ~r-ti{llltltiotl rcactioll should
not proceed ull(lcr condilimls WIICIC the :Ilkali IncIal af[ack on
alpha alumina occttrs, Iitllc intiulu:ltion WI either rcwctirm at
very low allmli Inchtl pr~.ssu!c  L.\is[s.

Metal Corrosign bv Na@I. E.N@L

of  f o r m a t i o n  which cxccccts  tl)c nw~:nit~ldc  of tl)c free
energy of sollltion  of IIIC crmstitllcnls in each other. ~’hcn
t h e  a l l o y  forlllnlion  is c~ntllcrltlic ;Illd 11v2 mct:ll otolns
a r e  b o u n d  m o r e  slroll!!l)” tlvlll ill tlw ptlre  cmls!illtcnts.
This is  true for tna!l}” i’l!c~flmlilllic  colttprrltnds  illclucli
Metals which rc:lctl(llss(~l: [II li(llli(l <I)cIIIIIII or 1,1 Ii[l[ lid
.’di~ cotlt:lil]ll]~  t!ls~(~!!t”! S’ (’1,1111  OXI1!: ,’:111 hc l!i\ IL!.! into
four groups, ln(~iillg to IIIC Iii ,!T{MS [h,: [)cfimliu  1:11111.,

about  I I 50K. III contrast, in cwlwriments up to 1800 hours in
length iit up to I l~K)K, and br icfcr, hotter experiments, ordy
sLlrlllcc altc[:l(i[ui (uhich  ml! lIiIve been deposition, and may
have hcc.n  substal]!iatly afl~c[c’d  by cleaning procedures after
the Cslwl imcnts) of stainless s1.cI, inconcl, molybderrurn, and
niohi~llll were ohscrved.  I lIra  sLIggests  that  n iobium and
tantaluln In:ly bc in gr[mp  (2 ), although they are much more
resistal)t to corrosive dissolilti, m tlmn Fc and Ni.(Fousg 1972;
DiStcfiino,  1989)

(3) Metals  such as h40 which form very stable ternaries  with
sodium and oxygen  like Na~kl~~c~ t, u hich can probably move to
the cold zone uilhout  prccipiti!till:  metal.

(4) hlcta!s  which reduce st~,li[ln] oxi!c  in sodium to f o r m
bin:lry nxidcs aIId arc hence OI\ LCII gCItIS such as Zr and Hf

It is Iikcly that corrosion is :111 issue for long term AMTEC
life, INI[ high tcmpcraturc  c(~rl)sitm IUIISI  hc substantially more
important th:in lmu tcmperil! III c cm rosl,~n which is either very
slow m insigniticont d[le to ~illctic Iilllll:ltions, given the Very
long pcriocl~ ot’ oiwralion  Of l(~IJcr tclnperature  a l k a l i  metat
loops l~ith pure alkali metals. Filling in reliable, referenced
informal ion Which actdrewc’s all the cor ros ion  issues  in
AM”I”IIC cells is ditllcult,  aIIl the Iitcwi[ure on corrosion o f
metals hy alkali metals and alk:lli mclals containing oxygen is
suhs[antial,  altll[@~  in m~lll! P1::CCS  contradictory, and not
easily acmssihlc or WCI1 rcvict+cJ C’onfusimr  has not decreased
sobs[antially  wi[h the pass:iye of till)c for metal corrosion
issmx. One rcfcrcncc cited i l] l:OU<[ suggested high nickel
solut)ility in sodiutn ivith lit~lc CIYL.C[  of nxygen concentrati~  a
second cxpcrimcnt wi[h tr}~l~:lr(vl[lv  tn,vc careful control o f
dissol~cd oxide ICWIS SIIOI!CI I ,IIII~I:ItIII  II oxygen dependence
of nickel soluhilit> hut a 11111 !I l(~tf ~r ~l[lhility  at low oxygen
levels (Foust,  1972) ‘Ihc S(~lII’IIIIl\ of IT I in sodium has been
sho\\ll rcpcatcdl)” to (1,. (),..11 s,,}. f(t)tially on oxygen
cmwcnlration ill the sodium ~ }’1111~~,  I ‘)~’) Some recent reports
sllot~ high Olr[(hioll [)[ Inolf 1,( ,1, titn III .I !i(lm  at relatively low
tc[llpl.v:ilurc> t\l II!c stJIIIc (}’1  r :111, I ;I,! !r~vltly  more careful
W(JIL itlfli~;ltes  111:1[ lllt)lJh(I  ,, II is :!IIII , the most  raimt  o f
troll~iliml  lndal$ !(J wdiun} ,,,,si{!l.  ,*, ,71 uhen s o m e  SOdilUIl

oxi[lc IS l~rcscrll (I~iStefan(’, l“s’l) I ‘1,’fano gives a goed
ovc[tic\\  O( (IIC [I](tch;lllislll I ‘ ,~ll.(’l ! II ;~wosive precesses  in
alk:lll IIIL’1:11~.  IfItll 1~.lr-tic~’ ‘ IIII!II!III f,) N h ,  T a ,  M o ,  and
W.(lJiStcl;ln{~, IVY(I)

~:.’



Even when the rmrct ion or di ssollltit~l] tllerlll(xljllzlll~ics  rrre
known, kinetic Iimitatioll may rcclace riltcs to lCVCIS  far below
t h o s e  e x p e c t e d  f r o m  t h e  tllc’nl~otlyl]itlllics alone. IJphill
reactions at standard state may proceed qaickly if a rcaclion
product is removed, since Ihcn the prod! tct dots not attain its
standard state activity. “[his is very in!portait  for AIU”I”t;C,
where loss of volatile conslitucl]!s mav dI iw rcaclirms.

Accelerated Testing

Three methods \~ill be invml igaled at J 1’1. for accelerated Iifc
testing of AM I“[;C CCII c(uI~p(mmts. ‘I”lww  are I ) increased
temperature, 2) iacrease{l sodium I1OW rate, rmd 3) increased
oWgert content in [he liquid sodiam. “fhcw are not Cxlwcted to

have similar cl~ccts on all processes; ia p[irtica!ar increased
temperature may give fairly l imi ted  accclcmtion  and
acceleration rates may oaly k dctmni Iwt allcr  substantial
testing, f l o w  ralc inclcilscs w i l l  a[npli[v cor]ccnlrti[irm

gradients, bat may lead to cro~ion proc,wws if incrcawxl too
g r e a t l y ,  and incrcascd  corlt~sioa due tt~ o~ygm c(mucll[ratirm
efkcts m a y  ctmlplc’lcly  alter  Ihc Im’{!l;itlisllls ()( cont~sion
compared with a imrc sodi[~ln s>xten~.
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